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FRACTIONAL VARIATION TO IMPROVE BULK 
METALLIC GLASS FORMING CAPABILITY 

Cross Reference to Related Applications 

This application claims priority from provisional application No. 60/201 ,586 filed May 3, 
2000 

Background of Invention 

[] A glass is a material that when cooled from a heated liquid transforms to the solid state 
without forming crystals. Such non-crystallized materials are also called amorphous 
materials. For example, one of the better known amorphous materials is quartz, which 
can be used to form conventional window glass. 

[] Most metals crystallize when they are cooled from the liquid state at reasonable rates, 
which causes their atoms to be arranged into a highly regular spatial pattern or lattice. 
A metallic glass is one in which the individual metal atoms have settled into an. , 
essentially random arrangement. Metallic glasses are not transparent like quartz 
glasses and are often less brittle than window glass. 

[J A number of simple metal aNoys may also be processed to form a gjass-like structure. 
Binary metal alloys near deep eutectic features of the corresponding binary phase 
diagrams may be prepared into a giaissy structure on cooling from the liquid.state at 
rates greater than 1 000 degrees per second. These binary, metallic glasses may possess 
different properties than crystalline metals. These different properties may be useful in 
V certain applications; 

[] Bulk metallic glass forming alloys are a group of multicomponent metallic alloys that 
exhibit exceptionally high resistance to crystallization in the undercooled liquid state. 
Compared with the rapidly quenched binary metallic glasses studied prior to 1990, 
these alloys can be vitrified at far lower cooling rates, less than 1 0 degrees per second. : 

[] Many of the recently discovered bulk glass forming alloys can be broadly described as 
\ pseudo-ternary alloys of the form ETMl-x-yLTMxSMy. Typically the early transition 



metal couple, ETM, is a combination of elements from group IVB of the periodic table; 
e.g., Zr and Ti. The late transition metals, LTM, are typically combinations of the 3d 
transition metals from groups VIIIB and IB; e.g., Fe, Go, Ni, and Cu. The simple metal 
element, SM, is normally chosen groups from HA or IMA; e.g., Be, Mg or Al. However, the 
addition of a SM element is not a requirement for the formation of a bulk glass forming 
alloy. 

[] Examples of some of the composition manifolds that contain ideal bulk metallic forming 
compositions are as follows: Zr-Ti-Cu-Ni-Be, Zr-Nb-Cu-Ni-AI, Ti-Zr-Cu-Ni, and Mg-Y- 
Cu-Ni-Li. There are also bulk metallic glass formimg alloys based on magnesium. 

[] Each of the chemical species and their combinations are chosen for a given alloy 
composition, such that the alloy composition lies in a region with low-lying liquidus 
surface. Alloy compositions that exhibit a high glass forming ability are generally 
located in proximity to deep eutectic features in the multicomponent phase diagram. 

[] The glass forming ability of a given alloy is in part described by the critical cooling rate 
that is required to avoid a fraction of crystal which is either large enough to be 
detectable, or large enough to cause some change of property. The glass forming 
ability is generally considered higher if the alloy composition has a reduced glass 
transition temperature. The reduced glass transition temperature is defined as the ratio 
between the glass transition temperature T g to the liquidus temperature Ti iq . 

[] Early theoretical work on crystallization of undercooled liquid metals has showed that 
the nucleation rate was often vanishingly small for materials with T rg of approximately 

2/3. . . . . ' ' 

[] Bulk metallic glass alloys can be more easily formed if the eutectic like condition is 
satisfied. Many believe that the alloy should be close to a eutectic in order to obtain a 
V : high Trg. • - . . ' / * 

Summary of Invention 

[] The present invention teaches that specific kinds of modifications in attributes of minor 
aspects of the chemical structure of certain bulk metallic glasses may change the 
properties of the glass structure in an unexpected way. Specifically, the constituents of 
the glass may be changed by an amount 6t6 change the glass forming capability. 

[] Another aspect teaches a specific alloy of Zr58.47Nb2.7eCu15.4Ni12.6AI10.37. 

Brief Description of Drawings 



[] These and other aspects of the invention will be described in detail with reference to the 
accompanying drawings, wherein: Figure 1 shows a time-temperature-transformation 
diagram for the basic A3 alloy; Figure 2 shows a differential scanning calorimetry trace 
for the A3a alloy; Figure 3 shows a TTT diagram for the A3a alloy; and Figure 4 shows 
. arc melted specimens on a silver boat. 

Detailed Description 

[] The present invention describes specific materials formed by carrying out small 

variations pf component relationships, within the higher order basic chemical structure. 
This system and the disclosed technique describe how these small variations may 
stabilize the competing crystalline phases to form a bulk metallic glass which has 
improved qualities. 

[] It is known to create a Zr-Nb-Cu-Ni-AI alloy bulk metallic glass by injecting the molten 
liquid metal into a split metal mold at room temperature. .One example is the alloy Zr 5 7- 
Nb5Cu15.4Nh2.6Aho, referred to herein as alloy A3. The A3 alloy exhibits a good glass - 
forming ability, and also has excellent thermal stability with respect to crystallization. 
For example, this alloy has a supercooled liquid region AT=T X -T g of about 70 degrees 
Kelvin, where Tg is the glass transition temperature, and Tx is the glass crystallization 
temperature. However, conventional techniques have not been very successful at 
vitrifying this alloy. Conventional metal forming techniques may cool from the liquid 
state to the solid state at less than 1 OK per second for specimens with masses that.are 
greater than 5 g. Such conventional metal forming techniques may include arc melting 
on a water cooled Cu hearth, or melting in a "silver boat". Because of this, it has been 
relatively difficult to vitrify A3 alloy specimens using these conventional techniques. 

[] The inventor questioned the reasons for this. 

[] As stated earlier, several criteria are employed in the development of bulk metallic 

glasses; e.g., compositions aria close to deep eutectics, and often exhibit large reduced 
glass transition temperatures. Closely tied to this condition is the role of the individual 
ETM and LTM constituents, and their combinatory effect oh frustration of the competing 
crystalline phases which in turn limit the GFA for a given alloy composition. This 
destabilization of the.crystalline phases that limit the GFA stems from fundamental . 
considerations; e. g., the rules of Hume-Rothery, The first of these rules, the size factor, 
suggests that the solid solubility of one metal in another is restricted when their atomic 
radii differ by more that 1 5%. This criterion for extensive solid solubility is directly 
' related to the strains produced in the lattice of the solvent by the solute atoms. In the [ ' 
ternary Zr-Ti-LTM, with LTM = Cu+Ni BMC alloys, thiere are only a few crystalline 
phases which act to limit the GFA for a given alloy composition, As it turns out, thiese 
phases have a rather, global characteristic and are identified by x-ray ; 



measurements in specimens not fully vitrified on cooling from the liquid state. Examples 
of these are; ZrTiCu2 Ti2Cu, Zr2Cu, each with "E93"or MoSi2 symmetry. Outside critical 
ranges of solubility these competing crystalline phases are topological^ unstable in 
comparison to a transition to the vitreous state. This important and salient feature that 
has been largely overlooked by the scientific community; i.e., the effect of small 
variations in composition within the higher order quinary (Zr-Nb-Cu-Ni-AL), and 
beyond composition manifold. In a systematic investigation, he considered the 
following additional chemical structure: Zr 5 7 + &/2Nb5-6Cui 5 .4Nii2.6Alio+6/2 In this series,, 
the effects of reducing the Nb concentration can be quantitatively considered. This . 
equally sweeps the composition change to the ETM and LTM species. 

[] One particular alloy composition, referred to as A3a, is the following: Zr5s.47Nb2.76Cu15.4- 
Ni12.6AI10.37 6may be around 2.5, or may be lower, e.g., lower than 1 , or between 0.25 
and 0.75. 

[] Characteristics of this material are shown in Figures 1 and 2. The A3a alloy specimens, 
when prepared by arc melting or melting in the silver boat assembly, are consistently 
formed into the glassy state on cooling. Representative images of the as-cast specimen 
cross section for an arc melted specimen and an entire silver bpat specimen are shown 
in Fig. 4. 

[] A3 alloy specimens were examined via a containerless levitation process. The 

information in Figure 1 , showing Time-Temperature-Transformation diagrams ("TTT") 
obtained from the examination. Figure 1 shows the two independent nucleation events, 
including a "high temperature event", shown in circles, and a "low temperature event" 
shown in triangles. In order to bypass nucleation altogether, the "nose" of the lower 
nucleation curve must be bypassed. 

[] This diagram suggests that a critical cooling rate in the order of 30 to 100 degrees 

Kelvin per second will be required to form a glass from this alloy. That is, one would be 
required to cross a temperature interval in the order of 100 K in the time scale of the 
order of a few seconds. This estimate has been confirmed via experimentation. Three 
specimens, with masses on the order pf 5 to 1 0 grams, were used as experimentation; 
none of these samples were vitrified in an arc furnace. 

[] Figure 1 demonstrates that the glass forming ability of the A3 alloy may be limited by 
the presence of a competing phase or phases. 

[] When written in its original form, the A3 composition has the following ratios. 



Consider the following additional chemical structure: Zr 5 7+&/2Nb 5 -&Cui5.4Nh2.6Alio + &/2 In 
this series, the effects of reducing the Nb concentration can be considered. This equally 
sweeps the composition change to the ETM and LTM species. 

One particular alloy composition, referred to as A3a, is the following: Zr5s.47Nb2.76Cu15.4- 
Ni12.6Aho.37, i.e., Sis some amount less than 1 , e.g. between 0.25 and 0.75, 

Characteristics of this material are shown in Figure 2, which shows a differential 
scanning calorimetry "DSC" trace. This alloy has a dramatically improved glass 
formation ability. This material is relatively easily vitrified using standard techniques 
such as arc melting and melting on a water cooled silver boat apparatus; The critical 
casting thickness for this composition is near 1 cm. The calorimetrically determined 
supercooled liquid value AT is around 100 degrees K as shown in Figure 2. Moreover, 
differential thermal analysis shows that the onset of melting for this alloy is a near 
eutectic composition. This is around 10 degrees K less than that of the A3 composition. 

When examined using electrostatic limitation, this new alloy may be vitrified by purely , 
radiative cooling. Hence, this becomes perhaps the first non Be containing alloy that 
can be vitrified upon free cooling from the electrostatic levitation. The critical cooling 
rate for this alloy may be less than 1 0 degrees K per second. 

The TTT diagram for this alloy has also been determined and is shown in Figure 3. This 
exhibits a single branch that is substantially in the state of a "C", having a nose time of 
about 10 seconds. The observed increase in the glass formation ability for this new 
alloy composition is manifest by the absence of high temperature branch characteristics. 
Since this high temperature branch has been removed, the competing crystalline phases 
responsible for the high temperature branch have been effectively de stabilized by 
incremental changes in composition.Ratios between the ETM, LTM and Al moieties of the 
A3a composition are given below, assuming the composition written asZrs8.47NB2.76Cu- 
15.64Ni12.76Al 10.37 

\ ; : ^ = 0.0473^ 

V Zr " , : Ni \ Al : 



The ratios as presented are shown with a large number of significant figures, e.g., 3-4 
significant figures^ This shows that the glass formation ability of these alloys may be ■ 
dramatically changed for very small changes in the respective ratios. In fact, changes to 
the ratios may be: important. J : / " > - 

Note that the change in the ratio between Nb/Zr is different than in the A3 composition J 
by about 1.855. The change in the Cu/Ni ratio may be more or less the same as is the 
Al ratios, rthe glass forming ability is more or less independent of the ratio betvveen the 



Cu and Ni species. However, the ratio between Nb/Zr may be significant in this 
formation. 



[] This formation is believed to be due to destabilization of a competing crystalline phase. 
The glass transition temperature ratio of this system, T rg is around 0.61 . 

[] Working example:The specific alloy Zrs8.47NB2.76Gu15.64Ni12.7eAl 10.37 was formed from Cu 
99.999%, Ni 99.995%, Nb 99.95% from Cerac, Inc. and Al 99.999% from Alfa Aesar. It 
also used crystal bar Zr with less than 300 ppm oxygen content, obtained from Teledyne 
Wah-Chang, Inc. Master alloys are obtained by either arc melting using a 
turbomolecular pump in high purity argon (99.9999 percent), or melting on a water 
cooled silver boat apparatus with alloy constituents melted via an external RF power 
supply. Small pieces of the master alloy e.g. 35 to 60 milligrams of the master alloy's 
total 1 0 grams, are remelted into a hemispherical indentation on the base plate of the 
art melter. This produces a roughly spherical specimen of diameter ranging from 2 to 3 
mm. These samples are then employed in in an electrostatic levitation device such as 
the one described in Rulison, Rev. Sci. Instrum. 68 (1997). 

[] The thermal properties of the alloys were measured by a Perkin-Elmer DSC under an 
argon gas blanket. X-ray diffraction patterns were obtained with an INEL diffractometer 
using a CPS 1 20 position sensitive detector with a cobalt radiation source. 

[] The A3a alloy specimens were consistently formed into the glassy state upon cooling. 

[] The liquid is temperature is about 10 K lower then the basic A3. In addition, the 

following different characteristics were measured, where Vitl 06 is alloy A3, and Vitl 06a 
is alloy A3a. 
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tabic 1: DSC and DTA data for Vit 106and Vit 106a (specimen A). 



[] Although only a few embodiments have been disclosed above, other modifications are, 
possible. For example, while the present specification discloses a specific alloy made • 



from modification of specific starting point, other such modifications are possible, and 
other starting points are contemplated. 

[] All such modifications are intended to be encompassed within the following claims. 




